Overview
Gene cassettes form a diverse group of small mobile elements that already includes over 40 members. Usually, each cassette contains only a single gene and a specific recombination site. At present, the genes found in cassettes are mostly antibiotic-resistance genes, but it is likely that gene cassettes represent a more general modular gene-packaging mechanism. These gene cassettes are normally found integrated at a specific site in an integron, where they are often part of multi-cassette arrays. Three classes of integron are currently known, all of which appear to be able to integrate the same set of cassettes. However, cassettes are also found rarely at non-specific sites. They move by conservative site-specific recombination catalysed by an integrase encoded by the recipient integron, and thus form a family of mobile elements that are more akin to integrating phage and plasmids than to transposons. Cassettes do not, in general, include a promoter and are transcribed from a promoter in the integron. The multi-component cassette-integron system is thus a natural cloning and expression system.
Historical perspective
Mobile gene cassettes were first identified as the various integrated antibiotic-resistance genes found in integrons. In the early 1980s, studies using restriction mapping and heteroduplex analysis revealed that different sets of antibiotic-resistance genes were sometimes found in the same location in otherwise closely related plasmids such as R388 and pSa (Ward & Grinsted, 1982) or transposons such as TnZI, Tn2603 and Tn2424 (Schmidt & Klopfer-Kaul, 1984; Tanaka etal., 2983; Meyer etal., 1983) . As the sequences of antibiotic-resistance genes began to be determined in the mid-l980s, several of them including dfrB2 (dhfrl) from R388, aadA2 from pSa, aadA7 from Tn21, oxa7 from Tn2603 and oxa2 from R46 were found to be flanked by identical sequences, indicating that they were all integrated at the same site within a common structure (Cameron e t al., 1986; Hall & Vockler, 1987; . Over the ensuing years, many further genes determining resistance to aminoglycosides (gentamicin, tobramycin, amikacin, kanamycin, streptomycin and spectinomycin), trimethoprim, chloramphenicol and p-lactam antibiotics were also found in the same site and a second site in the transposon Tn7 was identified (see Hall etal., 1991) . There are several cassettes encoding distinct determinants of resistance to each of these antibiotics or antibiotic families. Further cassettes include open reading frames (ORFs), whose functions have not yet been identified (see Hall e t al., 1991) . At the present time, over 40 distinct cassettes have been identified.
These integrated cassettes are often part of an array that contains two or more cassettes, and as sufficient sequences became available it was possible to determine accurately the boundaries of the gene cassettes (Hall e t al., 1991) and to deduce that they were discrete genetic units, integrated at a unique site in larger mobile units that were named integrons (Stokes & Hall, 1989) . A gene encoding a product related to integrases of the A integrase family of site-specific recombinases was identified in the conserved sequences located 5' to the cassettes (5'-CS) in inembers of the major integron family (Hall & Vockler, 1987; , and this integrase was shown to catalyse site-specific recombination (Martinez & de la Cruz, 1988 , 1990 . Subsequent studies demonstrated that the gene cassettes were indeed mobile elements that can be excised from or integrated into an integron by this integrase (Collis & Hall, 1992a, b ; Collis e t al., 1993; Bunny e t al., 1995) .
Diversity of cassette-encoded genes
The gene cassettes for which sequences are available are listed in Table 1 . Cassettes are generally identified by the name of the gene they encode, or in the case of cassettes containing ORFs whose function is unknown, the ORFs have been assigned letters in the order of their identi- 
OXA-9 oxa 10 OXA-10 (PSE-2) Resistance to aminoglycosides Aminoglycoside adenylyltransferases
AAC (6' *Cassettes are named after the gene they encode. However, the gene nomenclature used here may differ from that found in the original publications, and in many cases the genes have not previously been assigned names. As an agreed numbering system for the aacA and aatC genes is not currently available, several of these genes are not numbered. The d f r A and dfrB genes encode proteins belonging to two distinct families. The ORFs with no known function were assigned letters in the order of their publication. $ Positions of cassettes are frequently not or incorrectly identified in the published sequence and database entries.
$ > , Database entry ends before the end of the cassette.
9 The first in-frame initiation codon within the cassette boundary has been assumed to be the start codon.
** The genes encoding the PSE-4 and CARB-3 /I-lactamases each differ by only one nucleotide from the blaPl sequence. tt The aacA 1 gene is part of a cassette that also contains an ORF, orfG, followed by a 59-base element (A. Gravel, R. Parent & P. H. Roy, personal communication).
$$ The complete sequence of the orfA cassette is not present in any single database entry and has therefore been compiled from two separate entries. § § Coding region extends beyond the cassette boundary.
fication and the cassettes are identified by these names (see Hall e t al., 1991) . Table 1 lists the boundaries of the cassettes, many of which were not identified or were incorrectly identified in the primary publication of the sequence. The extent of each gene, assuming that the first in-frame initiation codon within the cassette boundary is the start codon, is also listed in Table 1 . The genes listed account for a significant proportion of the antibioticresistance genes found in Gram-negative bacteria of the Enterobacteriaceae family and the genus Psezldomonas. For most antibiotics, several quite distinct resistance genes are found, and in some cases the mechanism by which resistance is conferred is different. For example, resistance to chloramphenicol by acetylation of the antibiotic (catB genes) and by efflux of the antibiotic from the cells (cmlA gene) are both represented, and for the aminoglycosides, modification of the antibiotic by acetylation ( a a c A and aacC genes) and adenylylation (aadA and aadB genes) are both represented. The P-lactamases encoded by cassettes fall into three distinct families, class A (blaP genes), class B metallo /?-lactamases (bla,,, gene) and class D (oxa genes), and the dihydrofolate reductases conferring trimethoprim resistance are also from two unrelated protein families ( d f r A and dfrB genes). Partial sequences of several further potential cassettes (not listed) are found flanking some known cassette sequences, and further cassettes are likely to be identified in the future. Though at present the genes found in cassettes are mostly antibiotic-resistance genes, this bias is likely to reflect the origins of the genes studied, which are from antibiotic-resistant clinical isolates.
Structure of gene cassettes
Cassettes vary considerably in total length from 262 to 1549 bp (see Fig. 1 , Table 1 ). This is largely because of differences in the size of the gene, as in most cassettes little non-coding sequence flanks the gene. Despite the diversity in the size and function of the genes they contain, cassettes share common features (Hall e t al., 1991) . Each cassette includes a single gene that covers most of the cassette length and a recombination site known as a 59base element located downstream of the gene (Fig. 1 ). Though the 59-base elements differ substantially in length from 57 to 141 bp (see Table 1 ) they share common features (see below). In many cases, a 59-base element was not identified in the primary publications of the sequences of the cassettes, but in all cases where the complete cassette sequence is available a 59-base element has been subsequently identified (Hall e t al., 1991 ;  
At a non-specific location the integrated cassette gene can only be expressed if a suitably oriented promoter (P) is present. lntl is able to catalyse the excison of a gene cassette from an integron, but excision from a non-specific location is unlikely to occur as two specific recombination sites are not While gene cassettes are most commonly found in an integrated form either in an integron or at a non-specific location, they can also exist free as covalently closed circular molecules (Collis & Hall, 1992b) . Free circular cassettes are formed by excision of the cassette from an integron, and are likely to be important intermediates in the dissemination of cassettes (see Fig. 2 ).
Because of the nature of the site-specific recombination event that leads to integration of a free circular cassette, a small part of the cassette-associated 59-base element is found at the start of the linearized cassette and the remainder is downstream (at the 3' end) of the gene (Fig.  3 ). The conserved triplet GTT, which is part of the core site GTTRRRY (R = purine, Y = pyrimidine) found at the 3' end of 59-base elements, can be found at both ends of integrated cassette sequences, though only one GTT is part of the cassette (Hall e t al., 1991) . This led initially to some ambiguity in defining the precise boundaries of cassettes, which has now been resolved experimentally by determining the precise location of the crossover in recombination events involving one partner with a mutation in the G T T (D. O'Gorman, H. W. Stokes & R. M. Hall, unpublished observations) . The crossover occurs between the G and the first T, and thus the first six bases of each integrated cassette are derived from the 59-base element and have the sequence TTRRRY. The last base of the integrated cassette sequence is conserved and is a G residue (see Fig. 3 ).
7be cassette-associated recombination sites
An essential feature of gene cassettes is the presence of a recombination site known as a 59-base element that is located downstream of the gene coding region . Generally, each gene cassette possesses a unique 59base element, and both the length and sequence of 59-base elements can vary considerably (see Table 1 and Fig. 4 ). However, despite this heterogeneity, all 59-base elements share several features. They are bounded by an inverse core site (RYYYAAC) at the end closest to the 3' end of the gene coding region and a core site (GTTRRRY) at the other end, and are related to a consensus sequence that covers approximately the first and last 20 bases (Collis & Hall, 1992b 
Fused cassettes
Though gene cassettes normally contain a single gene coding region and a 57-base element, an examination of published sequences reveals several instances in which two potential coding regions are found within a single cassette and it seems likely that at least some of these cassettes were created by the fusion of two cassettes each containing a single gene. Two potential routes which could give rise to fused cassettes can be envisaged (see Fig. 5 ). Firstly, a cassette fusion would be generated by any deletion event with end-points in two adjacent gene cassettes. The catB4A 7-aacA4 cassette fusion (see Bunny etal., 1775 for details) is likely to have arisen by this route. The 3' end of the catB4 gene, the catB4 57-base element and the 5' non-coding region of the aacA4 gene cassette have been deleted to produce a single cassette containing the truncated catB4A 7 gene and the complete aacA4 gene. Similarly, the relationships between the orfD, orfE and or@ cassettes may be explained by a cassette fusion (Bunny e t al., 1995) . Fused cassettes that retain both complete genes may be created by any event involving loss of part or all of the 59base element from one cassette leading to its fusion with a second downstream cassette. This appears to have occurred in the case of the aadAI-oxa9 cassette fusion (Tolmasky, 1790). The 3' end of the aadA7 gene coding region is separated from the start of the oxa9 cassette by only 14 bp and the 57-base element normally associated with the a a d A 7 gene is not present. The only complete 57base element is found downstream of the oxa9 gene. A potentially similar case is that of the aacA7 gene which does not appear to have a 57-base element associated with it, and is followed 4 bp downstream by a further ORF t t (Tenover e t al., 1988) . This ORF, orfG, is 142 codons long and is followed by a 59-base element (A. 
Locations of integrated cassettes
Most of the cassettes listed in Table 1 were found integrated at a specific site in an integron of the type shown in Fig. 6(a t al., 1994) . The cassettes are located at a unique position within the integron-associated recombination site, and several cassettes can be present simultaneously. Integrated cassettes are always in the same orientation, with the 5' end of the gene closest to the integron segment that contains the intI gene (see Fig. 6a ), and this segment is designated the 5'conserved segment (5'-CS). Class 1 integrons are the most prevalent class of integron found in clinical isolates and most contain a sulphonamide-resistance gene, szlll , in a conserved region found 3' to the integrated cassettes and known as the 3'-conserved segment (3'-CS).
Cassettes have also been found at a unique site near the left end of the transposon T n 7 and its close relatives (see Hall al., 1994) . The sequences flanking these cassette arrays are not related to those flanking the cassette arrays described above. However, the general organization of the left end of T n 7 (Fig. 6b ) is similar to that of the class 1 integrons described above. A putative but defective intI gene ( i d 2 is interrupted by a termination codon), whose product is 40 % identical to that of IntI1, is located 5' to the first cassette, at the left end of T n 7 (Hall & Vockler, 1987; A. Pelletier & P. H. Roy, GenBank/ EMBL accession no. L10818), and T n 7 and its relatives therefore form a second class of integron.
Recently, a third class of integron has been identified (Arakawa e t al., 1995) . In this case, the available sequence data have revealed a new intI gene (intI3) located 5' to the bla,,, cassette which was first found in a class 1 integron (Osano etal., 1994) . The putative integrase (IntI3) is 61 % identical to the IntIl integrase (Arakawa e t al., 1995) .
Whether this integrase is also located within a transposon or defective transposon remnant, as are the class 1 and 2 integrases, remains to be established.
The cassette array found in Tn1331 (Tolmasky, 1990) includes the aacA4 and a a d A I-oxa9 cassettes flanked by approximately 100 bp of the 3'-CS of class 1 integrons and a few bases that may derive from the 5'-CS. This fragment of an integron has become incorporated into a Tn3-like transposon to give rise to Tn1331.
Rarely, known cassettes have also been found outside an integron context and these cassettes (aadB and dfrA 14) are Mobile gene cassettes located at non-specific sites (Recchia & Hall, 1995; H.-K. Young, personal communication) . It appears that this is the result of recombination catalysed by IntI but involving a secondary recombination site (Recchia & Hall, 1995) , and it is likely that further 'wild' cassettes will be found in the future. Indeed, one further potential example of a gene cassette located at a non-specific location is the 4 r A 6 gene (Wylie & Koornhof, 1991) . Though the sequences flanking the dfrA6 gene do not resemble any known integron or gene cassette sequences, the DHFRVI protein belongs to the same subfamily as DHFRI, -V and -VII, all of which are encoded by cassette-associated genes, and a potential 59-base element containing inverted repeats and showing some similarity to the consensus for the outer ends of 59-base elements can be identified 3' to the dfrA6 gene (see Sundstrom et al., 1993) . However, it remains to be proven that @ A 6 is in fact part of a cassette.
Cassette movement
Some of the gene cassettes listed in Table 1 have been found in integrons of more than one class and it seems reasonable to conclude that all cassettes can be integrated into each of the three known integron types. However, to date all experimental work on cassette movement described below has been carried out with class 1 integrons.
To date, only one protein, the integron-encoded integrase IntI1, has been shown to be required for the movement of gene cassettes. IntIl is believed to be a member of the 1 integrase family on the basis of similarities between the conserved domains shared by members of this family of site-specific recombinases Stokes & Hall, 1989; Abremski & Hoess, 1992) . IntIl has been shown to catalyse both integrative and excisive recombination events in in vivo experimental systems (Martinez & de la Cruz, 1990 ; Hall et al., 1991 ; Recchia e t al. , 1994) .
IntIl has also been shown to be essential for the excision, integration and reassortment of gene cassettes (Collis & Hall, 1992a, b; Collis et al., 1993) . The specific recombination sites known to be recognized by IntIl are the cassette-associated 59-base elements (Martinez & de la Cruz, 1990; Hall e t al., 1991) and the integron-determined integration site, attl, which is largely contained within the 5'-CS and is not obviously related to the 59-base elements (Recchia e t al., 1994) (Fig. 7) .
Cassette integration and excision occurs via a conservative site-specific recombination mechanism (Fig. 2) . In its simplest form, cassette integration involves a single sitespecific recombination event between the 59-base element of a free circular cassette and the integron a t t l site (Collis e t al., 1993) . Cassette excision is the reverse of integration, though in this case the sites involved may be either attI and a 59-base element or two 59-base elements (Hall & Collis, 1992a, b) . IntI1-mediated excision of a cassette from an integron regenerates the circularized form of the cassette (Collis & Hall, 1992b) . Other routes involving two site-specific recombination events can also lead to the reciprocal acquisition and loss of cassettes from the arrays found in integrons (see Hall & Collis, l995) , and these routes may even predominate under normal circumstances. When free circular cassettes were integrated experimentally into integrons containing both attl and one or more cassettes and hence one or more 59-base elements, a strong preference for insertion at attl was observed (Collis e t al., 1993) . In other experimental systems this preference has not been observed. Rather, events involving two 59-base element recombination sites have generally predominated (Martinez & de la Cruz, 1990; Hall e t al., 1991 ; Collis & Hall, 1992a) . While this type of event is clearly important to effect the excision of any cassette that is not located in the first position (i.e. adjacent to the 5'-CS and thus a t t o in a cassette array, the reasons for the different site preferences in different experimental systems may reflect constraints intrinsic to these systems and this requires further investigation.
Occasionally, recombination can occur between a 59-base element and a secondary (or non-specific) site (Francia e t al., 1993; Recchia et al., 1994; Recchia & Hall, 1995) and lead to the integration of a cassette at the non-specific location (Fig. 2) . This type of event, though it occurs at very low frequencies (Francia et al., 1993; Recchia e t al., 1994) is likely to be important in the dissemination of cassette-associated genes and in the evolution of plasmid and bacterial genomes. Excision of cassettes from secondary sites is unlikely to occur as these cassettes are not flanked by two fully active recombination sites (Recchia & Hall, 1995) , and integration of a cassette at a secondary site thus leads to the permanent acquisition of a new gene.
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Expression of cassette genes
The known gene cassettes do not generally include promoter signals. Indeed in many cases less than 10 bases separate the first in-frame initiation codon from the 5' boundary of the cassette. Exceptions are the cmlA cassette that includes both a promoter and translational attenuation signals and is described in more detail below, and the qacE cassette which includes a weak promoter (Guerineau et al., 1990) . Cassettes are normally found integrated at attI in only one of the two possible orientations, and this orientation-specificity is presumably determined by some feature of the recombination sites. As a consequence, the genes are all in the same orientation, which allows their expression from a promoter, Pant, in the integron 5'-CS (see Fig. 2 ). In class 1 integrons, four variants of this promoter are known (Stokes & Hall, 1989; Bunny etal., 1995) . These variants differ in strength over at least a 20-fold range (Levesque e t al., 1994; Collis & Hall, 1995) , and the strongest has an activity equivalent to or greater than that of the tac promoter (Lkvesque e t al., 1994; C. Tomaras, H. W. Hall, unpublished observations) . In a few integron variants a second promoter, P,, has been created by the insertion of three bases between otherwise poorly spaced -35 and -10 signals. P, is a strong promoter (Lkvesque et al., 1994) and increases the level of resistance expressed when the weakest version of Pant is present (Collis & Hall, 1995) .
Integration of multiple cassettes at attI creates new operons, as all cassette-encoded genes, whether in the first cassette or in promoter-distal cassettes, are dependent on Pant for their expression. Recent studies have demonstrated the existence of long transcripts covering several cassettes (Collis & Hall, 1995) . However, the majority of transcripts are shorter. All originate at Pant but end prematurely at discrete points that appear to correspond to the ends of cassettes. These observations raise the possibility that the 59-base elements, which generally include inverted repeats, either act as transcription terminators or as processing signals for endonucleolytic cleavage of transcripts (Collis & Hall) 1995) . This effect leads to differences in the levels of transcripts from promoter proximal and promoter distal genes. These differences reflect differences in the level of resistance conferred by the same cassette gene when its cassette is first or located downstream of other cassettes, and in general the first cassette is expressed at the highest level (Collis & Hall, 1995) .
When cassettes are integrated at secondary sites, expression is dependent on the presence of a suitably oriented promoter in the target. In the case of the aadB cassette found integrated at a secondary site in a plasmid equivalent to RSF1010, a promoter is present and gentamicin resistance is expressed (Recchia & Hall, 1995) . However, it is clearly possible that in other cases the cassette gene could remain silent if no promoter were available. Translational initiation signals, i.e. potential ribosomebinding sites (RBSs), have been identified preceding several cassette-associated genes and are located within the cassette boundaries. However, in other instances, particularly when the first in-frame initiation codon is located close to the cassette boundary, no obvious RBS is present. In some of these cases further potential in-frame initiation codons are present but whether these are used is not known as, in general, the sequences of the N-terminus of the protein products have not been determined. However, for the a a d A 2 gene where the first in-frame initiation codon, an ATG located 10-12 bp from the cassette boundary, is not preceded by an RBS, evidence consistent with the use of a G T G initiation codon 12 bp downstream has been reported (Bito & Susani, 1994) and this G T G is preceded by an RBS. For several cassette genes, the gene coding region is placed such that when the cassette is in the first position in an integrated array the gene is fused in-frame with an ORF of 69 codons in the 5'-CS (see e.g. Cameron etal., 1986) , and this could affect the length of the polypeptide product. However, it is unlikely that translation of these genes is initiated within the 5'-CS as RBSs are not found in association with any of the potential initiation codons within this ORF. However, in certain integrons a duplication of 19 bp of the 5'-CS sequence alters the sequence such that translation can potentially be initiated within the 5'-CS at an ATG that is preceded by an RBS leading to a short N-terminal extension of the protein encoded by the first cassette (Wohlleben et al., 1991) , and the product of the aacC7 gene has an N-terminal sequence that indicates that translation commences at this position. However, the aacC7 gene is also expressed when the cassette is located downstream in a cassette array, indicating that a suitable initiation site is also present within the cassette (Collis & Hall, 1992a) . Furthermore, the level of expression of the aacA4 and aadA2 genes, measured by the level of antibiotic resistance conferred, does not appear to differ when the cassette abuts a 5'-CS that does or does not contain the 19 bp duplication (C. M. Collis & R. M. Hall, unpublished observations) .
Expression of the cmlA gene
The cmlA gene cassette found in the integron In4 of Tn7696 is unusual in that it includes both a promoter and translational attenuation signals , and the promoter has been shown to be responsible for the expression of the cmlA gene Bissonnette e t al., 1991) . Expression of cmlA is inducible by sub-inhibitory levels of chloramphenicol and the region upstream of cmlA includes a leader peptide and inverted repeats capable of forming alternate stem-loop structures Mobile gene cassettes be regulated by translational attenuation (for reviews see Lovett, 1990; Weisblum, 1995) .
Origins of gene cassettes
The origins of the cassette-associated genes and of the cassettes themselves are fascinating questions. Based on the features of gene cassettes, namely that they contain only a single gene with little flanking non-coding sequences and a unique 59-base element, we have previously speculated that cassettes may originate from transcripts that are converted to DNA . This would presumably involve the action of an as-yetunidentified reverse transcriptase. With this scenario, the cassette-associated recombination sites (59-base elements) could either be part of the processed transcript, e.g. a transcription terminator, or added to it prior to its conversion to DNA. Alternatively, the 59-base element could be acquired at a later stage.
Though there is no real evidence to support this proposition, the burgeoning of available DNA sequences for both cassettes and other resistance genes, and for the genomes of plasmids, transposons and bacteria, now permits the examination of some questions that may ultimately shed light on the origins of gene cassettes. For example, several sets of cassette genes are quite closely related, with 60-95 % identity between individual pairs of DNA sequences within the coding regions. In some of these groups, for example aadA7 and aadA2, the same level of relatedness extends to the cassette boundaries, thus including the 59-base elements, and these cassettes may have diverged from a common ancestral cassette. However, in other cases quite different 59-base elements are associated with each of the genes in the set. For example, the d f r A I , d f A 5 and 4 r A 7 genes are between 62 and 67% identical but the 59-base elements are 95, 87 and 134 bases long, respectively, and are not obviously related (Sundstrom e t al., 1993) except that they all contain the features common to 59-base elements and the first and last 20 bases all show similarity to the consensus for these regions (Hall etal., 1991 ; Collis & Hall, 1992b) . The catB2 and catB3 cassettes also contain quite different 59-base elements (Bunny et al., 1995) . This is consistent with a separate origin for the gene and the 59-base element in each cassette. The fact that quite closely related 59-base elements are also found associated with unrelated genes supports this conclusion. The largest group of 59-base elements includes those associated with the aadA genes, aadB, catB3, orfD and aacA (IIa) genes and each of these 59-base elements differs from the consensus for this group (Hall etal., 1991) by only a few bases. Other cases in which closely related 59-base elements are associated with different genes have also been found; for example, the aacA4 and aacA (orfl3) genes encode proteins belonging to distinct protein families but are associated with very similar 59-base elements (see Hall et al., 1991) .
If cassettes are indeed constructed from separate pools of genes and 59-base elements, then when potential progenitors of these genes, e.g. chromosomal equivalents of cassette genes, are identified they would not be expected to be associated with downstream sequences related to the 59-base elements found in the final cassette. Only one case of potential progenitors for cassette-associated genes has been identified to date. These are an ORF (of unknown function) in the chromosome of Psetldomonas aertlginosa which shares 67.5 and 69.5 % identity with the catB2 and catB3 genes, respectively, and the catBl gene in the chromosome of Agrobacteritlm ttlmefaciens which shares 66.0% and 64.8% identity with catB.2 and catB3, respectively (Bunny e t al., 1995) . In both cases the similarity is confined to within the gene coding regions.
Gene cassettes are not transposons
Though gene cassettes are mobile elements, they are distinct from transposons in a number of ways. Firstly, they do not include any genes encoding proteins that catalyse their movement. The integrase is encoded by the integron. Secondly, cassettes are not bounded by inverted repeats, nor are they flanked by a duplication of target sequences. Thirdly, the mechanism used for mobilization of cassettes is distinct from transposition, as it involves conservative site-specific recombination. Gene cassettes thus form a family of mobile elements that are more akin to integrating phage (e.g. A) and plasmids than to transposons. However, cassettes also form a distinct subgroup of the family of mobile elements that utilize conservative site-specific recombination for movement. Most other mobile elements of this family encode the sitespecific recombinase (integrase) responsible for their movement whereas gene cassettes do not. In addition, integrating phage encode both phage proteins and replication functions, integrating plasmids encode replication functions, and the conjugative transposons (which integrate by conservative site-specific recombination and thus are not strictly speaking transposons) encode conjugation functions. In contrast, gene cassettes include only a single gene.
Further distinguishing features of the gene-cassetteintegron system are that all known gene cassettes are recognized by the same integrase, despite differences in the precise sequence of their 59-base element recombination sites, and that three known integrases, each with different sequences, appear to be able to recognize the same family of cassettes.
Evolutionary implications
The gene-cassette-integron system is a multi-component system that functions as a natural cloning and expression system and is able to create arrays of genes of enormous diversity. Over 40 gene cassettes and three quite distinct classes of integron have so far been identified and it seems likely that further cassettes and further integrons will be identified in the future. That the majority of gene cassettes identified thus far encode antibiotic-resistance determinants is most likely a reflection of intense selective pressure and the fact that they all originate from clinical isolates. Granted the diversity of the resistance genes, it seems reasonable to assume that genes other than anti-biotic-resistance genes may also be contained in cassettes. If this is so, the gene-cassette-integron system may be of much more widespread significance, and provide a general mechanism for the dissemination of modular gene units. The notion that genomes are composed of discrete modules (Shapiro, 1993) is an attractive one, and gene cassettes provide clear evidence for the existence of a modular gene-packaging system. This system is thus likely to be an important factor not only in facilitating the spread of antibiotic-resistance genes, but also in the natural engineering of bacterial genomes. The ability of integrons to create new operons (cassette arrays) that can then be fixed in place by deletion of the 59-base elements has obvious potential for the evolution of stable new operons in plasmid and bacterial genomes. The integration and consequent fixation of gene cassettes at secondary recombination sites is also a potential general mechanism for moving genes to new locations.
